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ABSTRACT Effects of the number of actin-bound S1 and of axial tension on x-ray patterns from tetanized, intact skeletal
muscle ﬁbers were investigated. The muscle relaxant, BDM, reduced tetanic M3 meridional x-ray reﬂection intensity (IM3), M3
spacing (dM3), and the equatorial I11/I10 ratio in a manner consistent with a reduction in the fraction of S1 bound to actin rather
than by generation of low-force S1-actin isomers. At complete force suppression, IM3 was 78% of its relaxed value. BDM
distorted dynamic IM3 responses to sinusoidal length oscillations in a manner consistent with an increased cross-bridge
contribution to total sarcomere compliance, rather than a changed S1 lever orientation in BDM. When the number of actin-
bound S1 was varied by altering myoﬁlament overlap, tetanic IM3 at low overlap was similar to that in high [BDM] (79% of
relaxed IM3). Tetanic dM3 dependence on active tension in overlap experiments differed from that observed with BDM. At high
BDM, tetanic dM3 approached its relaxed value (14.34 nm), whereas tetanic dM3 at low overlap was 14.50 nm, close to its value
at full overlap (14.56 nm). This difference in tetanic dM3 behavior was explicable by a nonlinear thick ﬁlament compliance which
is extended by both active and passive tension.
INTRODUCTION
In actomyosin contractile systems, mechanical work is gen-
erated by cyclic attachment and detachment of the molec-
ular motor, myosin, to actin ﬁlaments, accompanied by ATP
hydrolysis (1,2). In the actin-bound state, the lever arm of the
subfragment 1 (S1) myosin moiety is thought to tilt (the
power stroke), generating 2–4 pN of force (3–6). The life-
time of the actomyosin complex, as measured in optical trap
motility assays, is a small fraction of the ATPase cycle time
(6). This view is supported by ﬂuorescence polarization
studies, where ﬂuorescent probes on the S1 lever arm during
a release-induced, synchronized power stroke report ;12%
of available S1 being actin-bound (7,8). The presence of
a large, detached S1 population is a serious complication in
interpretation of structural data from intact motile systems.
The highly organized ultrastructure of skeletal muscle
gives rise to a characteristic x-ray diffraction pattern (1,9–
11), and time-resolved x-ray diffraction has become an im-
portant, noninvasive tool in the investigation of contraction
in vivo. S1 interaction with actin affects both the intensity of
the M3 meridional x-ray reﬂection (IM3; (12,13)) and also its
spacing (dM3, which corresponds to the axial period of S1
projections from the myosin ﬁlaments), which increases by
;1.5% upon activation (11). Both IM3 and dM3 are proposed
to be sensitive to the degree of S1 binding to actin.
Muscle length changes imposed in the relaxed state have
no effect on IM3, but during tetani they cause large IM3
responses, strong evidence that IM3 is sensitive to the strain
imposed on actin-bound S1. The effects of the free S1 popu-
lation on tetanic IM3 and dM3 can be examined by varying the
fraction of S1 bound to actin. Increasing muscle ﬁber length
reduces ﬁlament overlap and hence lowers S1 binding to
actin (14), but it also changes the diffracting mass of muscle
in the x-ray beam and may introduce additional disordering
of the axial unit cell. In addition, at long sarcomere lengths,
sarcomere inhomogeneity develops upon activation, leading
to tension creep and a breakdown of the direct relationship
between the S1 binding to actin and force. Here we use BDM
to vary the fraction of actin-bound S1 in intact muscle ﬁbers
while maintaining full ﬁlament overlap, and we distinguish
effects on IM3 and dM3 due to S1 binding to actin, and the
effects of the accompanying variation of axial force.
METHODS
Preparation
Bundles of 5–10 intact muscle ﬁbers from the tibialis anterior muscles of
Rana temporaria were mounted horizontally in a temperature-controlled
chamber. Kapton x-ray windows (12-mm thickness) were placed within 200
mm of either side of the bundle to minimize the x-ray path through water. A
diode laser beam was used to obtain real-time sarcomere length measure-
ments by laser diffraction. Opposite ends of the preparation were attached
to a capacitance force transducer (0.8 mV mg1, 40–50 kHz resonance
frequency) and a fast moving coil motor to permit force measurements and
control of bundle length. Sarcomere length was adjusted to 2.2 mm in the
relaxed state, and monitored throughout the experiments. The bundle was
stimulated to contract by a pulsed electric ﬁeld, which produced fused tetani
of 400-ms duration. Temperature was maintained at 7C.
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X-ray measurements
Measurements were conducted at the SAXS beamline of Elettra (Trieste,
Italy) and the A2 beamline of DORIS (Hamburg, Germany) using syn-
chrotron radiation (l 0.15 nm, width 3 mm, height 0.5 mm). Exposure to
radiation was controlled by a fast shutter system so as to limit x-ray expo-
sure to periods of data collection. X-ray patterns were recorded on a two-
dimensional CCD x-ray detector (XDI, Photonic Science, Oxford, UK
(Elettra) and marCCD 165, Marresearch, Norderstedt, Germany (DORIS)).
Patterns were processed to subtract dark current, divided by the counting
efﬁciency, and corrected for spatial distortion. For measurement of me-
ridional intensities, the two-dimensional pattern was projected onto the
meridional axis between limits of 61/63.0 nm1 for the radial reciprocal
space coordinate; for the equatorial pattern, the projection limits were
61/110.0 nm1 along the axial reciprocal space axis. The width of M3 was
measured by projection of the reﬂection between 1/13.55 nm1 and 1/15.70
nm1 along the meridian onto the equator.
Correction of reﬂection intensities
One-dimensional patterns obtained by projection were ﬁtted to a polynomial
expression for background intensity, with superimposed Gaussian functions
representing reﬂections (15,16) using an algorithm of the Levenberg-
Marquardt method (17). Integrated intensities (I10, I11, and IM3), reﬂection
width, and spacing were obtained from the best ﬁt to the one-dimensional
pattern. Before ﬁtting, the one-dimensional spectra were corrected for beam
intensity, bundle movement, activation-induced disordering and, in the case
of sarcomere length experiments, changes in preparation mass exposed to
the beam. Since virtually all the radiation in the spectrum arises from prep-
aration scattering, the correction for movement, sarcomere length, and ﬂuc-
tuations in x-ray intensity can be performed by normalizing the total number
of counts in the pattern for all spectra to the counts in an initial, relaxed
spectrum at a sarcomere length of 2.2 mm. Activation caused considerable
broadening of M3 along its radial coordinate (18) without a corresponding
change in the width of the equatorial pattern. Such an effect occurs when the
individual ﬁlaments in a parallel array are axial-displaced from alignment
with their neighbors (19). This misalignment causes IM3 to become dis-
tributed over a disk in reciprocal space orthogonal to the meridian, of which
the x-ray sphere of reﬂection samples only a slice. Since broadening of this
disk is symmetrical in all directions orthogonal to the meridian, total
intensity can be estimated by multiplying the integrated IM3 by the increase
in width of M3 along its radial coordinate (12).
Dynamic IM3 signals during length oscillations
A train of 250 sinusoidal length oscillations at 1 kHz was imposed per
tetanus on ﬁber bundles, and IM3 signals (counted on a delay line, one-
dimensional x-ray detector over 49 ms intervals) were summed for each
oscillation period to deﬁne the shape of the IM3 signals with 20 points. A
series of 10–40 such tetani were elicited for each experimental condition,
and the summed IM3 signals from each tetanus averaged over the series. IM3
signals in response to imposed changes in ﬁber length are thought to arise
from angular displacement of the S1 lever arm domain as a result of both the
synchronized power stroke resulting from the change in load (active tilting)
and also from passive tilting due to an elasticity in the position of the lever
tip. Experimental IM3 signals were ﬁtted to simulated IM3 changes obtained
using a molecular model of S1. We calculated the displacement of the lever
arm domain throughout the observed sinusoidal changes in force by
assuming that 50% of the applied length change was absorbed by ﬁlament
compliance, then we calculated the accompanying changes in IM3 as the
squared modulus of the Fourier transform of 50 S1s with that lever
displacement on either side of the M-line. The ﬁtting procedure selected the
best isometric orientation of the lever to match the experimental IM3 signal
for the measured amplitude of sarcomere length changes, using an algorithm
of the Levenberg-Marquardt method (17). The length change required to
shift the lever from its isometric position to the point at which IM3 is maximal
(Dy) was then determined. S1 structure was simulated from the a-carbon
chain of chicken gizzard S1 (5), taking the lever arm domain to begin at
residue 711. The orientation of the actin-bound motor domain was matched
to that proposed by Rayment et al. (5). An ordered, free S1 was assumed to
be associated with each actin-bound S1 to obtain the highest IM3 sensitivity
to length changes (20) and in agreement with studies of the effects of x-ray
scattering from opposite halves of the thick ﬁlament (21), which are best
explained with the inclusion of such a free S1 component. A more detailed
description of the simulation procedure is given elsewhere (16,20,22).
Protocol
The vertical and horizontal positions of the bundle in the x-ray beam were
optimized using a beam attenuated by 70%, so as to minimize x-ray ex-
posure during setting up. During the experiment, x-ray patterns were
captured using an unattenuated beam and an exposure period of between 70
and 300 ms, selected to avoid detector saturation. Addition of the muscle
relaxant 2,3-butanedione monoxime (BDM; Sigma, Poole, UK) in the
concentration range 1–8 mM was followed by a few test contractions
without x-ray exposure until steady-state tetanic tension was attained. Be-
cause of the delayed rise in tension in the presence of BDM, the period of
x-ray exposure was delayed until tetanic force had plateaued. BDM effects
on contraction were completely reversible. For overlap experiments, force
from stretched ﬁbers gradually increased during a tetanus (force creep). The
tetanic force for a particular sarcomere length was therefore taken as the
force reached by extrapolation of the tension creep back to the point of onset
of stimulation (23). All values quoted in the text are given mean6 standard
error.
RESULTS
Effects of a reduced fraction of force-generating
S1-actin isomers during contraction on the
equatorial x-ray reﬂections
The principal in vitro biochemical effects of BDM on the
myosin II ATPase are slowing of inorganic phosphate re-
lease and an increased equilibrium constant for the phos-
phate cleavage step (24). These promote accumulation of the
weakly-binding S1.ADP.Pi state of myosin, a pre-power
stroke S1 isomer. We ﬁrst examined how accumulation of
this state in BDM inﬂuenced the equatorial x-ray pattern,
which depends on the radial mass distribution within the
myoﬁlament lattice and is sensitive to the fraction of S1
bound to actin. In the concentration range 0–8 mM, BDM
suppressed the amplitude of tetanic tension from Po (isometric
tetanic tension at full overlap in unmodiﬁed Ringer’s solu-
tion) to 0.036 6 0.013 Po at the highest BDM concentration
used and also reduced its rate of rise. The effect of various
concentrations of BDM on tetanic tension (PBDM) is shown
in Fig. 1. Fig. 2 shows the dependency of the intensity ratio
(I11/I10) of the two strongest equatorial reﬂections on PBDM.
Tetanic I11/I10 declined linearly with decreasing PBDM,
whereas the relaxed ratio (plotted at the corresponding
PBDM obtained upon activation) showed no sensitivity to
BDM. The extrapolation of the dependence of tetanic I11/I10
upon force to zero tension in Fig. 2 coincides with the
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relaxed ratio. These observations strongly suggest that the
principal in vivo action of BDM is to increase the fraction of
free S1 during tetani rather than to promote occupancy of
a strongly binding but low-force S1-actin state. This result
supports recent ﬁndings showing that BDM alters the num-
ber of attached cross-bridges without changing their prop-
erties (25). In this concentration range, BDM can therefore
be used to vary the fraction of actin-bound S1 in intact cells
analogously to the use of [Ca21] to vary S1 binding to actin
in skinned muscle ﬁbers.
Effects on IM3 of a reduced fraction
of force-generating S1-actin isomers
during contraction
We next examined the effects of reduced binding of S1 to
actin on tetanic IM3 using BDM. After application of the
intensity corrections outlined under Methods, the mean te-
tanic IM3 in Ringer’s solution increased by 1.71 6 0.02-fold
with respect to its relaxed value.
To estimate IM3 at zero tetanic force, we ﬁtted the re-
gression of IM3 upon PBDM/Po to a quadratic relationship and
evaluated the intercept at zero tetanic tension. The best ﬁt to
this regression of IM3 upon PBDM/Po (Fig. 3) gave a relative
IM3 of 0.786 0.01 (695% conﬁdence interval) at zero tetanic
tension, whereas the mean tetanic IM3 at 8 mM [BDM], the
highest concentration used, was 0.76 6 0.04 of relaxed IM3,
indicating that tetanic IM3 at high [BDM] became smaller than
relaxed IM3, possibly due to a sensitivity of detached S1
structure to activation. Relaxed IM3 were identical in the
presence or absence of BDM, showing that IM3 is insensitive
to any increased occupancy of the S1.ADP.Pi state induced by
BDM (24,26) in the concentration range we examined.
It is known that activation increases dM3 by ;1.5% at full
overlap and full activation (11,27). We examined the change
in dM3 at different levels of tetanic tension, varied by ad-
justing [BDM]. The dM3 dependence on force was a curved
relationship (Fig. 4, solid squares), falling from 14.54 6
0.01 nm in unmodiﬁed Ringer’s solution to 14.346 0.01 nm
at 8 mM BDM (corresponding to the relaxed spacing), the
largest changes in dM3 occurring in the low-force range. Ac-
tivated M3 width, measured perpendicularly to the meridian
axis, increased with isometric tension in a similar manner
to dM3.
FIGURE 1 Dependence of isometric tetanic tension on BDM concen-
tration for 10 ﬁber bundles used in these experiments. Tension has been
normalized to the amplitude of a control tetanus in unmodiﬁed Ringer’s
solution at 2.2-mm sarcomere length.
FIGURE 2 Dependence of the equatorial intensity ratio of the 10 and 11
reﬂections from tetanic isometric tension at sarcomere length 2.2 mm.
Tetanic tension was varied by adjusting [BDM] in the range 1–8 mM and
plotted on the abscissa normalized to tetanic tension in unmodiﬁed Ringer’s
solution (PBDM/Po). Ratios are plotted for both tetanized (n) and for the
relaxed (e) states. The lines are best ﬁts of a linear regression of I11/I10
upon PBDM.
FIGURE 3 Dependence of tetanic IM3 on relative tetanic tension at 2.2-
mm sarcomere length. Tetanic tension was varied by changing [BDM]. IM3
was normalized to the intensity of the relaxed pattern, which showed no
sensitivity to BDM. The line is a best ﬁt of a quadratic regression of IM3
upon PBDM.
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The fraction of actin-bound S1 affects
dynamic changes in IM3 accompanying
sinusoidal oscillations
It has been shown previously that 1-kHz sinusoidal length
oscillations applied to tetanized muscle ﬁbers produce a
quasi-sinusoidal IM3 signal (16,20). This signal was in phase
opposition to force oscillations, and was distorted about the
point of maximum shortening if the oscillation amplitude
was sufﬁciently large (16,20). The distortion took the form of
a secondary minimum in the IM3 signal between two peaks of
maximum intensity (IM3 max). Conditions that increase the
force per cross-bridge also increase the depth of this sec-
ondary minimum (22), and the total ﬁber shortening required
to reach IM3 max; so, conversely, if BDM reduced the force
per bridge, the depth of the secondary minimum should de-
crease and the total ﬁber shortening required to reach IM3 max
should increase. We tested this hypothesis using 2–3 mM
BDM, concentrations that reduced force by ;50% but still
gave measurable IM3 signals. Contrary to the predicted de-
crease in the depth of the secondary minimum, we obtained
instead a more pronounced secondary minimum, and a reduc-
tion in the amount of total ﬁber shortening required to reach
IM3 max (Fig. 5).
Effects on IM3 of reduced ﬁlament overlap
We examined whether changing the number of S1 bound to
actin by varying ﬁlament overlap mirrored the effects of
variation in [BDM] on IM3 and dM3, so as to distinguish
between BDM-speciﬁc changes in these parameters and
changes resulting from a alterations in the number of actin-
bound S1. At long sarcomere lengths, IM3 broadened along
the radial axis in both the relaxed and activated states by
up to 3–4-fold. Tetanic IM3 (normalized to relaxed IM3 at
full overlap) fell from 1.69 6 0.15 at full overlap to less
than unity at the longest sarcomere lengths. Tetanic IM3 de-
pendence on force at various degrees of ﬁlament overlap
(Poverlap) was ﬁtted to a quadratic regression (Fig. 6), and the
extrapolated IM3 at zero Poverlap relative to the initial, relaxed
IM3 was 0.796 0.01 (695% conﬁdence interval). Fig. 6 also
shows a roughly linear fall in the corresponding values of
relaxed IM3 (plotted at the corresponding Poverlap obtained
upon activation).
Tetanic dM3 is plotted against sarcomere length in Fig. 7
(solid squares). Unlike the BDM data (Fig. 4), where dM3
fell in a nonlinear manner toward 14.34 nm as the fraction of
cycling cross-bridges decreased, when cross-bridges attach-
ment was reduced by decreasing ﬁlament overlap (i.e., at
longer sarcomere lengths), dM3 declined less. The mean spac-
ing at full overlap was 14.566 0.01 nm. A linear regression
of tetanic dM3 upon sarcomere length gave dM3 as 14.47 nm
at 3.6 mm.
dM3 increases with passive tension
The difference between dM3 values at low active tension (i.e.,
low fractional attachment of S1 to actin) in BDM and at long
sarcomere lengths might be caused by the effects of passive
tension present in the sarcomere length experiments, so we
examined the relation between relaxed dM3 and sarcomere
length (Fig. 7; open diamonds). Spacing increases at longer
sarcomere lengths, corresponding to sarcomere lengths at
which ﬁber passive tension becomes appreciable. This
suggests an explanation for the behavior of tetanic dM3 in
our overlap experiments; as sarcomere length increases and
tetanic tension falls, passive tension rises, causing relaxed
dM3 to increase. This passive tension increase compensates
for the fall in tetanic tension, causing tetanic dM3 to decline
much less than in BDM at the same active tension. If the
change in tetanic dM3 with PBDM were also an elastic rather
than an activation-related change in thick ﬁlament structure,
its dependence on tetanic tension should closely resemble
the dependence of relaxed dM3 on passive tension in these
overlap experiments. This comparison is shown in Fig. 8.
The dM3 is plotted at various PBDM, whereas values of
relaxed dM3 at different degrees of myoﬁlament overlap are
plotted as a function of passive tension. It can be seen that the
two plots display the predicted similarity. To see whether the
behavior of tetanic dM3 in our overlap experiments could also
be explained by thick ﬁlament compliance, we corrected the
total spacing change for the component caused by passive
tension. Fig. 4 shows the uncorrected tetanic dM3 at different
sarcomere lengths plotted against active tension develop-
ment (Poverlap/Po; open triangles). At forces greater than 0.4
FIGURE 4 (Solid squares) M3 spacing (dM3) in BDM plotted against
active tension (PBDM/Po); (open triangles) dM3 plotted against active tension
at different sarcomere lengths (Poverlap/Po). For overlap data, both dM3 and
Poverlap/Po have been class-averaged to reduce scatter. Error bars are the
standard errors for each class. The dependence of dM3 on PBDM/Po was ﬁtted
to a fourth-order polynomial (y ¼ 0.5445x4  1.1758x3 1 0.5527x2 1
0.3019x 1 14.32), which is plotted as the continuous line. (Open squares)
The dM3 dependence on Poverlap/Po at different sarcomere lengths corrected
for passive tension by subtraction of the passive component of the total
change in dM3.
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Po, the dM3 values from both BDM and overlap experiments
coincide, but below 0.4 Po, these points clearly differ, even
though the same number of cycling bridges are active for the
same active tensions. Below 0.4 Po, thick ﬁlament compli-
ance is approximately linear, so tetanic dM3 can be corrected
for the spacing change due to passive tension simply by
subtraction of the passive spacing change from the total
tetanic dM3. The results of this correction are plotted as open
squares in Fig. 4, and it can be seen that they lie on the same
curve as the dependence of dM3 on PBDM/Po. This indicates
that the dM3 changes in our overlap experiments can also be
accounted for by the total force acting on a nonlinear thick
ﬁlament compliance, but are poorly accounted for by a
ﬁlament backbone structural change dependent on the num-
ber of cycling cross-bridges.
FIGURE 5 IM3 changes during 1-kHz sinusoidal ﬁber length oscillations in unmodiﬁed Ringer’s solution (A) and in BDM (2 mM) Ringer (B). Upper traces,
sarcomere length; middle traces, IM3 intensity (¤, expressed relatively to IM3 max); lower traces, forces (relative to control tetanic tension). Tetanic tension in
presence of 2 mM BDM (B) was reduced to 0.65 Po. IM3 is shown over two periods of oscillation to display its waveform more clearly. The continuous lines
through the IM3 data points show the best ﬁt of a simulation of the IM3 signal obtained from the molecular structure of S1. The depth of the secondary minimum
close to the point of minimum tension is increased in the presence of BDM, as is the separation between the double peaks in intensity that surround it.
FIGURE 6 Relative IM3 (as a fraction of relaxed IM3 at full overlap)
against relative tetanic tension obtained upon activation at different sar-
comere lengths for activated (n) and relaxed (e) ﬁber bundles. Tension has
been normalized to an initial control contraction at full overlap (Poverlap/Po).
The dashed line is a ﬁtted quadratic regression of tetanic IM3 upon Poverlap;
the continuous line is a ﬁtted linear regression of relaxed IM3 upon the
Poverlap obtained upon activation.
FIGURE 7 M3 spacing (dM3) plotted as a function of sarcomere length in
the relaxed state (e) and at isometric tetanic tension (n).
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Effects of variation of ﬁlament overlap on
other reﬂections
M3 is thought to arise mainly from x-ray scattering by S1
because of the high sensitivity of tetanic IM3 to changes in
ﬁber length. Changes in M3 therefore principally indicate
alterations in the axial period and structure of S1. On the
other hand, M6 (which has a spacing dM6 ¼ dM3/2) is
insensitive to such length changes, and is thought to arise
mainly from scattering by the thick ﬁlament backbone. As
a result, it should be much less sensitive both to changes in
S1 structure and to variation in interference effects between
opposite halves of the thick ﬁlament that these changes in S1
structure induce in M3, and should instead indicate real
changes in thick ﬁlament length. We measured dM6 while
varying passive tension in the same range as that shown for
dM3 in Fig. 7, and found that dM6 dependence on passive
tension closely resembles that of dM3 (Fig. 9), indicating that
dM3 changes with passive tension do represent alterations in
thick ﬁlament length and not a cross-bridge-related effect.
The M2, M4, and M5 reﬂections, which are prominent in
the relaxed x-ray pattern, should be absent for a perfect
helical arrangement of S1 about the thick ﬁlament backbone
(28). During tetani, these forbidden reﬂections weaken con-
siderably. When passive tension was increased by stretching,
the forbidden reﬂections also weakened without a corre-
sponding reduction in IM6 (Fig. 10). Their disappearance
indicates an increased degree of order in the axial period of
the S1 crowns along the thick ﬁlament, whereas the ac-
companying reﬂection broadening perpendicular to the me-
ridian shows a disordering of axial alignment of S1 crowns
on neighboring thick ﬁlaments (19,28). Disappearance of the
forbidden reﬂections during tetani may therefore be ex-
plicable as an increased ordering of the S1 period by axial
force development, perhaps by the extension of thick ﬁl-
ament compliance, rather than as a direct effect of activation
or as a change in S1 structure.
FIGURE 8 Comparison of relaxed dM3 plotted against passive tension (),
expressed relative to tetanic tension at full overlap) at different sarcomere
lengths and tetanic dM3 in the presence of BDM (n) plotted at the
corresponding active tension (expressed relative to tetanic tension in
unmodiﬁed Ringer). Note that the two relations are superimposable. Note
also that the data cover a force-range only up to 0.6 Po (where the slope of the
plots is approximately constant), because this was the highest level of passive
tension reached in the range of sarcomere lengths examined. Extension
beyond this range of sarcomere lengths resulted in irreversible deterioration
of the x-ray pattern.
FIGURE 9 The value dM6 (nm) versus dM3 in relaxed bundles at varying
sarcomere lengths for passive tension in the range 0–0.55 Po.
FIGURE 10 Meridional spectra of (a) a relaxed bundle at 2.2 mm
sarcomere length; (b) the same relaxed bundle after stretch to 3.4 mm,
bearing 0.22 Po passive tension; (c) relaxed bundle at sarcomere length 2.2
mm; and (d) the same bundle at the plateau of an isometric tetanus. Exposure
duration 10 s. The marked reduction of M3 in b, relative to the unstretched
state in a, is due to the large degree of reﬂection broadening observed at long
sarcomere lengths (2.8-fold) compared to that in activation at full overlap
(1.7-fold), the absence of the increase in IM3 of ;1.7-fold upon activation
that strengthens the reﬂection in d, and the reduction of scattering mass in the
beam due to the stretch.
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DISCUSSION
The fraction of S1 bound to actin during isometric tetani
(S1bound) is a crucial, but disputed, parameter in modeling
contraction. Stiffness measurements suggest fractional bind-
ing of S1 to be 43% (29), but ﬂuorescence polarization stud-
ies indicate only 10% attachment of labeled bridges during
isometric contraction (8), and motility studies at physio-
logical [ATP] show an attached state lifetime of only a
few percent of the actomyosin ATPase turnover time (6).
Uncertainty about the number of actin-bound S1 means that
probes sensitive to structural changes in S1 during the power
stroke might also carry signals from an unknown population
of free S1, which would complicate quantitative evaluation
of these data.
We varied S1bound using BDM, a speciﬁc inhibitor of the
myosin II ATPase. At concentrations below 8 mM in frog
muscle, BDM affects neither calcium binding to troponin
(30), nor does it modify calcium release from the sarco-
plasmic reticulum (31,32). In vitro studies show that stabi-
lization of the S1.ADP.Pi state is its principal effect (24,26).
In vivo, the action of BDM is disputed. BDM has been
reported to increase the stiffness-to-tension ratio (33,34) of
activated ﬁbers, consistent with accumulation of low-force
cross-bridges rather than with a change in actin-bound S1.
But Bagni et al. (25) showed that the mechanical character-
istics of ﬁbers in BDM were best accounted for by a fall in
the fraction of S1 bound to actin rather than formation of a
low-force cross-bridge state. Variation of tension by [Ca21]
alters the fraction of S1 bound to actin and affects both I10
and I11, yielding a roughly linear relation between force and
I11/I10 (35,36). Previous x-ray studies found that BDM
caused a departure from this linear relation, increasing I11/I10
at submaximal isometric tensions in both intact (30) and
skinned (37) ﬁbers. Such an effect is also seen on formation
of low-force, weakly binding cross-bridges at low ionic
strength (38). However, in both of these previous studies
only the effect of a single BDM concentration was examined,
in one case outside the range of concentrations used here
(37). The departure from a linear dependence of I11/I10 on
force was then inferred from comparison with control I11/I10
at similar levels of tension development obtained either from
other ﬁbers (37) or from other studies (30). Here we show
that the relation between I11/I10 and PBDM in intact cells is
linear throughout (Fig. 2), indicating that BDM (in the range
1–8 mM) primarily acts, like [Ca21], to reduce fractional
S1 binding to actin rather than to promote low-force at-
tached cross-bridge states. Furthermore, since tetanic I11/I10
at complete force suppression and relaxed I11/I10 were
identical, the radial mass projection of detached bridges in
both the relaxed state and in 8 mM BDM are indistinguish-
able at the resolution of the 10 and 11 equatorial reﬂections.
Likewise, BDM had no discernable effect on relaxed IM3 or
dM3. The rise in the stiffness/tension ratio in 1–8 mM BDM
is then explicable as the effect of signiﬁcant myoﬁlament
compliance (39,40) rather than as the formation of low-force
S1-actin isomers, in agreement with recent mechanical ﬁnd-
ings (25). We conclude that BDM in this concentration range
provides a method to vary S1 binding to actin in activated,
intact muscle cells in a similar fashion to the use of [Ca21] in
skinned ﬁbers.
Although we cannot determine S1bound from ﬁtting tetanic
IM3 to relative tetanic tension, we can estimate the maximum
possible contribution of free S1 to IM3. Extrapolation of the
tetanic IM3 regression upon PBDM to zero tension (Fig. 3)
gave a relative IM3 of 0.78 compared to the initial, relaxed
IM3 in Ringer’s solution, whereas tetanic IM3 at Po was 1.71
of relaxed IM3. If detached S1s present during control tetani
scatter x-rays with the same power as in those at high
[BDM], it is unlikely that they could contribute more than
0.78/1.71 ¼ 46% of tetanic IM3 in the absence of BDM
(assuming S1bound is very small and constructive interference
between free and bound S1s), and proportionally less if
S1bound were greater.
Tetanic IM3 signals are quasi-sinusoidal during 1-kHz
length oscillations. A secondary IM3 minimum is present
at the point of maximum shortening (16), whose depth in-
creases when the force per cross-bridge is raised by tem-
perature elevation (22). This effect is accompanied by a
decrease in the release amplitude needed to reach IM3 max,
attributable to an increased power-stroke tilting of the myosin
lever arm, which reduces the displacement of the lever from
its position at IM3 max (Dy). In principal, the elevated
stiffness/tension ratio in BDM (33,34) could be accounted
for by a reduced force per cross-bridge, since stiffness is
a measure of cross-bridge formation, so a shift in the lever
arm away from IM3 max (i.e., an increase inDy) and a decrease
in secondary minimum depth might be expected. But BDM
increased the secondary minimum depth, as shown in Fig. 5.
This apparent paradox is explicable by the effect of BDM on
fractional binding of S1 to actin; the reduced number of
attached cross-bridges increases the cross-bridge contribu-
tion to total sarcomere compliance, and so a greater fraction
of any sarcomere length change applied externally is taken
up by cross-bridge elasticity, reducing the fraction absorbed
by ﬁlament compliance. This would produce a greater S1
lever displacement and increase the IM3 signal distortion. To
test this, we simulated the effects of lever arm movement
during oscillations on IM3 using the molecular structure of
S1 (20), adjusting cross-bridge compliance in inverse
proportion to the tetanic tension in BDM (i.e., maintaining
a constant S1 stiffness/tension ratio), to estimate Dy. As a
result, when tension falls with increasing [BDM], a larger
fraction of the imposed length change is taken up by elastic
displacement of the S1 lever arm, and a smaller fraction by
ﬁlament compliance. Our simulations showed an increase of
Dy in BDM by a statistically insigniﬁcant amount (0.13 6
0.16 nm). When the simulations were performed assuming
an S1 stiffness/tension ratio increase in BDM (i.e., a reduced
force per cross-bridge), simulations showed a reduction in
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Dy, an effect inconsistent with reduced force per cross-bridge
in the tilting lever model of the power stroke. We therefore
conclude that 1–8 mM BDM does not signiﬁcantly affect Dy,
and the pronounced secondary IM3 minimum in BDM is
explicable by an increased S1 contribution to total compli-
ance (25), causing it to absorb a greater fraction of the
imposed sarcomere length change, and not by a decrease in
the force per cross-bridge during contraction. This result also
shows that IM3 primarily detects S1 structure. A rise in cross-
bridge compliance ampliﬁes the lever arm movement, and
therefore also the components of IM3 resulting from struc-
tural changes in S1 during oscillations. At the same time, it
reduces the fraction of the imposed length changes absorbed
by ﬁlament compliance and therefore suppresses compo-
nents from the ﬁlament backbone. Were IM3 signals to arise
from compliant structures in the thick ﬁlament backbone,
then their structural changes during length oscillations would
be reduced, and the IM3 signals arising from those structural
changes would be smaller, hence the secondary minimum in
the IM3 signal would be diminished.
We also varied S1bound by reducing myoﬁlament overlap.
In this case, the extrapolated intercept of relative IM3 versus
force was 0.79. Under control conditions, isometric con-
traction increases IM3 to ;1.7-fold the relaxed intensity,
so detached bridges’ contribution to tetanic IM3 would be
unlikely to exceed 0.79/1.7 ¼ 46% (if S1bound were close to
zero during activation) and proportionally less if S1bound
were larger, even assuming the most favorable constructive
interference between detached and attached components of
the reﬂection, in agreement with our conclusions from our
BDM experiments.
M3 undergoes considerable broadening, even in the re-
laxed state, at long sarcomere lengths, so a large intensity
correction is required to obtain IM3. In addition, the reﬂection
becomes much weaker, and is subject to the effects of sarco-
mere inhomogeneity, as evidenced by tension creep at long
sarcomere lengths. This phenomenon causes tetanic force to
be dictated by a population of shortened sarcomeres, whereas
IM3 is composed of intensity contributions of both these
sarcomeres and those of other, stretched sarcomeres, which
bear the developed tension through the extension of their
passive compliance and have a lower overlap and hence
fewer cross-bridges. These factors could lead to errors in our
determination of the relation between force and IM3 in
overlap experiments. But among these potential sources of
error, none apply to our experiments in BDM; reﬂection
broadening during activation was virtually eliminated as
[BDM] increased, the number of sarcomeres in the x-ray
beam did not change, and sarcomere inhomogeneities did not
develop, as indicated by the quality of the laser diffraction
pattern during stimulation.
M3 is largely generated by S1 projections from the thick
ﬁlament, and is split into two subpeaks at slightly different
meridional spacings by interference across the M-line.
During contraction, the position of these subpeaks’ maxima
and also the ratio of their intensities are dependent on this
interference across the M-line, so it could be argued that
activation and cross-bridge formation might change dM3
through this interference effect. But relaxed dM3 is smaller
than the tetanic spacing of either of these subpeaks, so a real
increase in dM3 must accompany activation. Furthermore, at
long sarcomere lengths, relaxed dM3 increases to approach its
tetanic value. This increase in relaxed dM3 cannot be due to
activation or to cross-bridge formation effects on interfer-
ence across theM-line. Instead it is most simply explained by
extension of thick ﬁlament compliance by active tension or
by passive tension transmitted via titin connections to the
Z-line. This is conﬁrmed by the dependence of dM6 on passive
tension. M6 is thought to arise from the thick ﬁlament
backbone and is insensitive to S1 structural changes, yet
dM6 shows a similar dependence on passive tension to that
of dM3 (Fig. 9), suggesting that dM3 indeed reports a real
change in thick ﬁlament length with axial tension. If the
tetanic dM3 dependence on [BDM] also indicates extension
of thick ﬁlament compliance, then the difference between
relaxed and tetanic dM3 in BDM would agree with the
relaxed dM3 changes caused by passive tension and shown
in Fig. 7. Fig. 8 shows that this is indeed the case; both
active and passive tensions alter M3 spacing in the same
way. The dependence of dM3 on Poverlap differs from its
dependence on PBDM (Fig. 4), showing that it is neither
a function of the number of attached cross-bridges nor of
active force generation alone. But when dM3 in overlap
experiments is corrected for the presence of passive tension,
dM3 dependence on Poverlap and on PBDM are almost exactly
the same. This shows that the nonlinear ﬁlament compliance
observed in our BDM experiments is also present in our
overlap data, but in this case is extended by both passive and
active tension.
The presence of such large compliance in the thick
ﬁlament (12 nm/hour per second per Po) is inconsistent with
purely mechanical measurements of sarcomere stiffness
(29,41,42). In addition, for slow stretches or releases, which
varied force by 0.5 Po, it has been shown that dM3 changes
are only equivalent to an ;0.2% spacing increase when
scaled up to isometric tension (39,40), compared to the
;1.5% spacing increase upon activation, and are even smaller
(0.1%) when spacing is measured during a fast step release
(39). In addition, dM3 decreases at constant force during
isotonic shortening (43), which is inconsistent with pure
elastic behavior. However, we show here that thick ﬁlament
stiffness is not Hookean, so scaling dM3 changes to isometric
tension is not justiﬁed. The smaller compliance in response
to slow stretches or releases would be explicable by the high
ﬁlament stiffness at axial forces .0.5 Po. Furthermore, if
thick ﬁlament compliance were damped, this would also
account for the changes in dM3 during isotonic shortening
(43), for the reduced spacing changes for a step release (39),
and for the very much smaller total compliance in pure
mechanical studies of stiffness.
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Previous studies have suggested additional effects on dM3
beside those of ﬁlament compliance. At zero overlap, dM3
changes accompany the IM3 increase resulting from a rise in
temperature in rabbit psoas muscle (44), from using ATP
analogs (44), or from inducement of the rigor state (27),
suggesting a spacing dependence on myosin isomer. In rab-
bit, detached S1 ordering increases when its active site is
occupied by M.ADP.Pi, a state favored at higher temperature
and by certain ATP analogs. The accompanying change in
dM3 was explained as a consequence of different interference
effects across the M-line for S1 (M.ATP state) and for the
ﬁlament backbone (M.ADP.Pi state). But this temperature-
induced order-disorder transition is absent in intact frog
muscle (22), so is unlikely to inﬂuence the results presented
here. In addition, these studies allowed up to 4 h for the
decay of passive tension, so dM3 was measured in a force
range at which thick ﬁlament compliance is large, and small
changes in axial force could produce appreciable effects on
dM3. Nevertheless, while axial force accounts well for the
spacing changes we report here, we cannot exclude the pos-
sibility that other factors might also affect dM3 under other
conditions.
Increasing thick ﬁlament extension by passive tension was
also associated with the disappearance of the forbidden me-
ridional reﬂections (Fig. 10). If thick ﬁlament compliance
were associated with disordered axial periodicity along the
ﬁlament backbone at low axial tension, passive tension
might suppress these reﬂections by increasing axial order.
Fig. 10 shows that these reﬂections are similarly suppressed
during tetani, so extension of thick ﬁlament compliance by
tetanic tension might account for the disappearance of the
forbidden reﬂections upon activation.
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